Vibrio cholerae, the etiological agent of cholera, colonizes the small intestine, produces an enterotoxin and causes acute inflammatory response at intestinal epithelial surface. Chemotaxis and motility greatly influence the infectivity of V. cholerae although the role of chemotaxis genes in V. cholerae pathogenesis is less well understood. Four cheY genes are present in three clusters in the complete genome sequence of V. cholerae. A less motile and less adherent mutant was generated by inactivation of cheY-3 (O395Y3N) or cheY-4 (O395Y4N) whereas alterations in motility or adherence were not observed for cheY-1 (O395Y1N) or cheY-2 (O395Y2N) insertional mutants. In contrast to O395Y1N and O395Y2N, O395Y3N and O395Y4N showed reduced cholera toxin production compared to wild-type in vitro. Infection of the human intestinal epithelial cell line Int407 with O395Y3N and O395Y4N caused reduced secretion of interleukin (IL)-1a, IL-6, tumor necrosis factor (TNF-a) and monocyte chemotactic protein-1 (MCP-1) compared to wild-type and was associated with delayed activation of nuclear factor kappa B (NF-kB) p65 and its co-activator cAMP response element binding protein (CREB). Further, the absence of nuclear translocation of NF-kB p50 subunit upon infection with O395Y3N or O395Y4N and its reversal upon complementation indicates the involvement of cheY-3 and cheY-4 in V. cholerae-induced pro-inflammatory response in the INT407 cell line.
INTRODUCTION
The Gram-negative, highly motile, non-invasive bacterium Vibrio cholerae is the etiological agent of the severe diarrheal disease cholera. Cholera patients suffer with profuse watery diarrhea resulting from the action of the ADP-ribosylating cholera toxin. 1 This highly motile organism is believed to use the processes of motility and chemotaxis to travel from the lumen of the small intestine to its preferred intestinal niche on the intestinal epithelium to colonize. 2 Motility is important for moving over surfaces and chemotaxis has a role in regulating various aspects of motility, including direction of movement and virulence-factor expression although the precise role of any of the processes has not been clearly established. V. cholerae expresses a number of virulence factors including cholera toxin and the toxinco-regulated type IV pilus (TCP). This pilus has been shown to be essential for colonization of humans 3 as well as in the infant mouse model of infection. 4 A characteristic feature of V. cholerae-induced pathology is the induction of an early inflammatory response in the intestinal epithelial cells which could be evidenced by the presence of lymphocytes 5 and mononuclear cells, 6 congested blood vessels and the infiltration of polymorphonuclear leukocytes (PMNs) in the lamina propria 7 as well as elevated level of LTB 4 and myeloperoxidase. 8 Fullner et al. 9 showed evidence of inflammation including infiltration of PMNs, tissue damage, localized release of TNF-a, high serum titers of IL-6 and the neutrophil chemo-attractant protein MIP-2 by accessory toxins of V. cholerae in a mouse pulmonary model of infection.
Chemotaxis, the ability of micro-organisms to move in response to chemical cues, is wide-spread within the prokaryotic world, but its role in human infection is poorly understood. Motility and chemotaxis both influence the infectivity of V. cholerae, but non-chemotactic mutants are still able to infect, albeit with various degrees of attenuation. 10, 11 This study, therefore, should allow better understanding of the steps in pathogenesis, because non-chemotactic mutants may be deficient in a specific subset of pathogenesis mechanisms.
Except for the genes encoding methyl-accepting chemotaxis proteins (MCP), which are scattered throughout the genome, most V. cholerae chemotaxis genes are organized into three operons distributed on both chromosomes. 12 The effect of binding a ligand causes a conformational change in MCP, which is sensed by the CheA-CheW complex and alters the activity of the CheA protein kinase. This kinase can donate phosphate to two effector molecules CheB and CheY. Binding of pCheY to FliM influences the direction of flagellar rotation. 13 The V. cholerae genome contains four response regulators CheY-1, CheY-2, CheY-3 and CheY-4. Among these, CheY-1 and CheY-2 are present in the same cluster, CheY-3 is found in a different cluster in the larger chromosome while CheY-4 is present in the smaller chromosome. These proteins are sufficiently different from each other to make it unlikely that they are simply redundant versions of one CheY protein. 13 Several studies have established the role of motility and adhesion in V. cholerae pathogenesis. 10, 14 While toxinogenicity is the predominating pathogenic factor, colonization is clearly a pre-requisite. Some of the chemotactic genes are needed in cholera toxin production or ToxT up-regulation upon infection in mice. 11 Duplicated or null cheY-4 showed increased or decreased cholera toxin production, respectively, and che-Y4 is also involved in the adherence to host cell layer 15 whereas the cheY-3 gene is required in chemotaxis. 16 Defined non-chemotactic mutants in El Tor biotype strains that lack cheY-3 or cheY-2 have been shown to out-compete the wild-type strain in vivo. 17 Our previous reports have shown the association of adherence and motility of V. cholerae with pro-inflammatory cytokine induction in the human intestinal epithelial cell line Int407. 18, 19 The nature of V. cholerae-induced pro-inflammatory signals is not completely understood. Our previous studies have shown that V. choleraeinfected intestinal epithelial cells express elevated levels of IL-8, IL-1b, IL-1a, IL-6, TNF-a, MCP-1, and ENA-78. 18, 19, 25, 35 Expression of these pro-inflammatory cytokines is controlled by the transcription factor NF-kB. The potential contribution of individual V. cholerae components to cytokine induction are still largely unknown although previous studies have suggested that the act of adherence and colonization might elicit host inflammatory response through signaling mechanisms like mitogen-associated protein kinase, NF-kB, etc.
Analysis of non-chemotactic mutants has shown that chemotaxis is important for V. cholerae infection. The best understood are mutants lacking the response regulator cheY-4 which lose the ability to trigger secretion of pro-inflammatory cytokines and chemokines. 18, 19 Since V. cholerae harbors four response regulators coded by cheY-1, cheY-2, cheY-3 and cheY-4 genes, the present study examines the role of each of these four genes. Four cheY gene-specific insertion mutants were constructed to determine which of these response regulators is involved and this was further recognized by complementation with the wild-type copy of the respective cheY gene. Further, the absence of nuclear translocation of NF-kB p50 subunit upon infection with O395Y3N or O395Y4N and its reversal upon complementation indicates the involvement of cheY-3 and cheY-4 in the V. choleraeinduced pro-inflammatory response in the Int407 cell line.
MATERIALS AND METHODS

Bacterial strains and plasmids
The bacterial strains and plasmids used in this study are listed in Table 1 . All V. cholerae and Escherichia coli strains were grown in Luria-Bertani (LB) medium (pH 7.2) and maintained at 70 C in LB containing 20% (v/v) glycerol. Streptomycin, ampicillin and kanamycin concentrations were 1 mg/ml, 15 mg/ml and 40 mg/ml, respectively, for V. cholerae wherever appropriate.
Construction of V. cholerae mutant strains
Isogenic cheY mutants were generated in V. cholerae O395 by gene specific insertion mutagenesis in cheY-1, cheY-2, cheY-3 or cheY-4 genes as described earlier. 15 Briefly, the internal fragment of the respective cheY gene was amplified (primers in Table 2 ) from genomic DNA and cloned into pTZ57R/T (InsT/Aclone TM PCR Product Cloning Kit; MBI-Fermentus, Hanover, MD, USA), restriction digested with appropriate enzymes and the inserts cloned into pGP704 20 to get the respective recombinant plasmids. These recombinant plasmids were then transformed into E. coli SM10 20 and ampicillin-resistant transformants were conjugally transferred to V. cholerae O395 (Sm r ). Transconjugants resistant to both ampicillin and streptomycin were selected. The mutants were verified either by PCR, Southern or Northern blotting. 21 For complementation of V. cholerae cheY mutants, the full gene was PCR amplified (Table 2) , cloned in pTZ57R/T vector, digested with appropriate restriction enzymes and the inserts cloned in pSKW130 (kind gift from Dr S Kushner, Department of Genetics, University of Georgia, Athens) 22 to get the recombinant plasmids ( Table 1 ). Mutant V. cholerae strains were transformed by electroporation. 23 Streptomycin-, ampicillin-and kanamycin-resistant clones were selected.
RNA isolation and cDNA preparation from V. cholerae strains Total RNA was extracted from cells grown to late logarithmic phase in LB by Rneasy Mini Kit (QiagenInc., CA, USA). For cDNA preparation, 5 mg of RNA was treated with RNase-free DNase (Gibco-BRL, Gaithersburg, MD, USA) in a 10 ml volume according to the manufacturer's protocol. DNase-treated RNA (2 ml) was reverse transcribed using the SUPERSCRIPT TM First-Strand Synthesis System for RT-PCR (Invitrogen, Life Technologies, USA) by using 0.5 mg of random primer in a total volume of 20 ml according to the manufacturer's instructions. The bands were quantified by ImageJ (<http://rsb.info.nih.gov/ij/index.html>).
Swarm plate assay
Wild-type, cheY mutants of V. cholerae and complemented strains of V. cholerae mutants ( Table 1) were inoculated with a toothpick into LB containing XbaI-SalI fragment of pAB179 cloned in pGP704 Present study pABY2N
XbaI-SalI fragment of pAB150 cloned in pGP704 Present study pABY3N
XbaI-SalI fragment of pAB179 cloned in pGP704 Present study pABFY1
BamHI-HindIII fragment of pAB380 cloned in pSKW130 Present study pABFY2
BamHI-HindIII fragment of pAB375 cloned in pSKW130 Present study pABFY3
BamHI-HindIII fragment of pAB584 cloned in pSKW130 Present study pABFY4
BamHI-HindIII fragment of pAB378 cloned in pSKW130 Present study 0.3% bactoagar. The plates were incubated at 37 C for 16-18 h and swarm diameters were measured.
Cell culture, infection and stimulation
The human intestinal epithelial cell line Int407 (NCCS, Pune, India) was grown in MEM (Gibco-BRL, Gaithersburg, MD, USA) supplemented with 10% FBS (Gibco-BRL) containing penicillin/streptomycin and gentamicin in the presence of 5% CO 2 at 37 C. The human cervical cancerous cell line HeLa was grown and maintained in DMEM (Gibco-BRL) at pH 7.4. Cells were seeded in T-75 tissue culture flasks (Falcon, USA). Bacteria from overnight (16 h) culture suspended in fresh medium without antibiotic were added to each flask at a multiplicity of infection (MOI) of $100. Flasks designated as non-infected control were replenished with fresh medium and both infected and non-infected flasks were incubated at 37 C under 5% CO 2 for the stipulated time period.
Giemsa staining
For Giemsa staining, Int407 cells were grown on small glass cover slips in a Petri dish and infected with V. cholerae and mutants O395Y1N, O395Y2N, O395Y3N and O395Y4N as described above.
After infection for about 30 min, 1.5 h, 2 h, 3 h and 3.5 h, the tissue culture medium was removed by suction and Petri dishes were washed three times with PBS. Cells were fixed with methanol (22-24 C, 5 min) and stained with Giemsa for 12 h. The cover slips were washed successively with acetone and acetone-xylene solution and mounted on a glass slide. Slides were examined with oil immersion at Â 100 in a light microscope (Olympus BX40, Japan).
Plating assay for adherence
For quantitative adherence assays, epithelial cells were seeded in a 6-well culture plate at a density of about 5 Â 10 5 cells per well. Two days later when the cells were confluent, the medium was removed, washed with PBS and bacteria suspended in fresh MEM medium were added to each well at a MOI of about 100. The infected plates were incubated at 37 C under 5% CO 2 for 30 min, 1 h and 3 h. Cells were then washed vigorously three times with PBS to remove non-adherent bacteria. The number of cell-associated colony forming units (CFUs) was determined after lifting off the monolayer by scraping and vortexing the cells to dissociate bacteria. The percentage of adhesion was calculated as 100 Â cellassociated CFUs/(cell-associated CFUs þ CFUs present in the supernatant). Sequences of primer used for insertional inactivation cheY1F
For cholera toxin assay, wild-type and mutant strains were grown to the late logarithmic phase in LB. The cholera toxin secretion was measured by GM 1 -ELISA as described earlier. 24 Luciferase reporter assay 
Immunofluorescence microscopy
For immunofluorescence microscopy, infected and uninfected Int407 cells were incubated with rabbit polyclonal NF-kB p50 (Santa Cruz Biotechnology Inc., USA) followed by goat anti-rabbit IgG-fluorescein isothiocyanate (FITC) conjugate (Santa Cruz Biotechnology) as described earlier. 19 Western blot analysis of NF-kB p65 subunit and CREB 
Statistical analysis
Results are recorded as mean AE SD from at least three different experiments. Student's t-test was used for intergroup comparisons. Differences were considered significant at P < 0.05.
RESULTS
Construction of cheY-1, cheY-2, cheY-3 and cheY-4 mutants of V. cholerae
To elucidate the role of response regulators of V. cholerae in the induction of pro-inflammatory cytokines following infection to the intestinal epithelial cell line Int407, insertion mutants were constructed for each of the four cheY genes as described in Materials and Methods. The integration of the mobilized plasmid at the desired site in the V. cholerae genome was verified by Southern blot analysis as well as by PCR. To determine whether the expression of the each of the cheY genes had been impaired, RNA was isolated from both wild-type and mutant strains, Northern blotted, and probed with the V. cholerae fragment. Each of the mutants failed to show detectable level of the respective transcript (data not shown).
Swarming ability of cheY mutants
The swarming capability of all four cheY mutant strains was examined in semi-solid LB motility plates and compared with that of wild-type V. cholerae O395. The swarming areas were found to be 89%, 78%, 46% and 66% of that of wild-type in O395Y1N, O395Y2N, O395Y3N and O395Y4N, respectively (Fig. 1a ). Since the swarming ability of bacteria depends on their growth, the growth rates of wild-type and the mutants were determined in LB and found to be similar. Plasmids containing the full-length cheY gene of V. cholerae were introduced into the respective mutant strains by electroporation for complementation. Upon complementation, the swarming ability was restored to some extent (about 80-97% of that of wild-type; Fig. 1a , panels B and C). Thus the genes cheY-2, cheY-3 or cheY-4 could partially regulate the motility of V. cholerae and this motility was restored upon complementation.
Adherence to intestinal epithelial cell line
In V. cholerae, cheY-4 is responsible for chemotactic response towards intestinal mucous layer in vitro and adhesion to the human intestinal epithelial cell line at an early phase of infection. 15 To determine whether other cheY genes are associated with the adhesion process, adherence of V. cholerae or mutants to Int407 was examined by Giemsa staining and by quantitative plating assay. Intimate attachment could be observed with wild-type bacteria. However, the number of V. cholerae cells associated per Int407 cell after infection with O395Y3N and O395Y4N was much less than that of the wild-type (Fig. 1b) . The cell-associated CFUs of adhered V. cholerae O395 showed a steady increase up to 3 h (Fig. 1c ). Although the cell-associated CFUs did not differ significantly among the mutant strains at early time points, increased adherence of O395Y1N and O395Y2N was observed following 1-h incubation, the adhered CFUs of O395Y3N and O395Y4N being much less at this time point suggesting the involvement of both cheY-3 and cheY-4 in adherence to intestinal epithelial cells.
Expression of virulence factors in cheY mutants
To determine whether insertion in different cheY genes affects the virulence of V. cholerae, cholera toxin production was investigated in wild-type and all cheY mutant strains. The amounts of cholera toxin in culture supernatants were determined by GM 1 -gangliosidedependent ELISA. About 1 mg/ml of cholera toxin could be detected in the culture supernatant of wildtype cells while the culture supernatant of all the mutants contained much less cholera toxin, being least for O395Y3N ($500 ng/ml; Fig. 1d ). To examine whether the inhibition of cholera toxin production in cheY mutants is at the level of transcription, ctxA gene expression was monitored and found to be downregulated in O395Y2N, O395Y3N and O395Y4N compared to wild-type (Fig. 1e ). The expression of the genes coding for V. cholerae virulence regulators ToxR and ToxT were down-regulated in O395Y1N, O395Y3N and O395Y4N compared to wild-type as determined by semi-quantitative RT-PCR (Fig. 1e) . The O395Y2N mutant, however, showed down-regulation of toxT but toxR expression was comparable to that of wild-type (Fig. 1e) . The results suggest a correlation between virulence gene expression and chemotaxis, which is very prominent in cheY-3 and cheY-4 mutant strains. However, chemotaxis along with other factors might control virulence gene expression in V. cholerae.
Differential pro-inflammatory cytokine expression in Int407 upon infection with V. cholerae and cheY mutants
Our previous studies demonstrate that V. cholerae cells activate pro-inflammatory cytokines IL-1a, IL-1b, IL-8, IL-6, monocyte chemo-attractant protein-1 (MCP-1), granulocyte macrophage colony stimulating factor (GM-CSF), TNF-a and epithelial neutrophil-activating peptide-78 (ENA-78) with concomitant reduction of anti-inflammatory cytokine transforming growth factorb (TGF-b) in intestinal epithelial cells. 25 The present study showed that the secretion of four cytokines (IL-1a, IL-6, TNF-a and MCP-1) decreased significantly in O395Y3N and O395Y4N compared to wild-type cells, while some variations in the secretion of these cytokines could be observed upon infection with O395Y1N and O395Y2N, as determined by ELISA. A sharp fall in secretion of IL-1a and TNF-a could be observed upon infection with O395Y3N and O395Y4N compared to wild-type, the down-regulation being 6-and 7-fold for IL-1a and 5.5-and 3.7-fold for TNF-a with O395Y3N and O395Y4N, respectively (Fig. 2) . The secretion of IL-6, TNF-a and MCP-1 was comparable to that of wildtype upon infection with O395Y1N while comparable cytokine secretion for IL-6 and MCP-1 was observed with O395Y2N. Although IL-1a secretion decreased (2.2-fold) upon infection with O395Y1N and both IL-1a (3.1-fold) and TNF-a (2-fold) secretion decreased with O395Y2N infection, the fold-change was much less compared to that observed with O395Y3N or O395Y4N. Thus, these results suggest that the cheY-3 and cheY-4 mutants could modulate pro-inflammatory cytokine expression rather than cheY-1 or cheY-2. Such association of adherence and or motility with cytokine expression has also been reported in V. cholerae 19 as well as in other bacteria. [26] [27] [28] Activation of V. cholerae-induced NF-kB transcriptional activity
The activation of NF-kB signaling pathways to produce inflammatory mediators like cytokines and chemokines plays an essential role in the host response to pathogenic V. cholerae. 19 Therefore, we investigated the effect of cheY homologues of V. cholerae on NF-kB-dependent transcription of luciferase in HeLa cells, using the expression of luciferase from a reporter construct, pNF-kB Luc, as an assay. These luciferase studies showed that V. cholerae stimulation of HeLa cells activated the NF-kB promoter as well as cheY-1 and cheY-2 mutant strains whereas the cheY-3 and cheY-4 mutations showed less promoter activation (Fig. 3) . This corroborates the cytokine secretion pattern in Int407 cells following infection with V. cholerae and cheY mutant strains. Therefore, the cheY-3 and cheY-4 mutations had the greatest effect on cytokine expression through the NF-kB signaling pathway in human intestinal epithelial cells following V. cholerae infection.
Differential activation of NF-kB p65 subunit and CREB in Int407 cells following infection with V. cholerae and cheY mutant strains
The activity of many inducible transcription factors, including NF-kB, is regulated through their association with cellular co-activators like CREB. 29 To examine whether the modulation of pro-inflammatory cytokines by wild-type V. cholerae O395 and the mutants could be mediated by NF-kB and CREB, activation of NF-kB p65 and pCREB were assayed in Int407 cells infected with wild-type or each mutant strain. The activation of p65 was observed as early as 5 min after infection, which gradually declined after 120 min (Fig. 4a ). In the case of O395Y1N and O395Y2N, activation was quite early and comparable to that of wild-type while delayed activation was observed with O395Y3N (30 min) or O395Y4N (120 min) infected Int407. Similarly, activation of pCREB in Int407 cells upon V. cholerae infection was early (5 min) followed by a peak at 30 min, and gradually declined after 180 min (Fig. 4b) . Activation of CREB, comparable to that of wild-type infected Int407, was found in O395Y1N, O395Y2N or O395Y4N. In contrast, the activation was delayed (120 min) in O395Y3N. This differential activation might be related to adherence and motility. Since the activation is a very early event and expression of chemotaxis was also an early event during infection, 15 a strong correlation could be made between chemotaxis and activation of transcription factors.
Modulation of nuclear localization of p50 subunit of NF-kB in Int407 cells following infection with V. cholerae and cheY mutants
On studying the localization of NF-kB in Int407 cells infected with mutants of V. cholerae, a significant and interesting observation was obtained (Fig. 5 ). While the translocation of NF-kB to the nucleus was clearly evident by immunofluorescent staining following infection with V. cholerae wild-type at 3 h, in the case of infection with less adherent and less motile O395Y3N or O395Y4N, there was almost no translocation of the p50 subunit to the nucleus with the majority of staining being detected in the cytoplasm (Fig. 5E,G) ; this was reversed upon complementation with cheY-3 or cheY-4 genes (Fig. 5F,H) . In contrast, the entire staining of NF-kB subunit was detected in the nucleus with almost no visible staining in the cytoplasm in the case of O395Y1N-and O395Y2N-infected Int407 cells (Fig. 5) . These results indicate clearly the role of both cheY-3 and cheY-4 in modulation of cytokine response through NF-kB in Int407 cells following V. cholerae infection. 
DISCUSSION
In this report, we demonstrate that the induction of proinflammatory responses in Int407 cells by V. cholerae requires chemotaxis mediated by the response regulators CheY-3 or CheY-4 but not by CheY-1 or CheY-2. This study also demonstrates that less adherence and less motile V. cholerae mutants (O395Y3N or O395Y4N) delayed activation of the NF-kB signaling pathway resulting in reduced secretion of pro-inflammatory cytokines like IL-1a, IL-6, TNF-a and MCP-1 in Int407 cells. The reduction of adherence and motility also causes attenuated translocation of NF-kB p50 subunit as evidenced by complementation with the genes cheY-3 or cheY-4 in respective mutants. Earlier, we have observed attenuated translocation of NF-kB p50 in the cheY-4 mutant 19 and, herein, we show reversal phenomenon upon complementation with cheY-3 and cheY-4. Like other non-invasive organisms, motility and chemotaxis is indispensable for infection of V. cholerae, which displays motility and chemotactic behavior during its interaction with the intestinal mucosa. 2, 30 Our unpublished observation suggests that V. cholerae chemotaxis is similar in wild-type bacteria and aflagellate, non-motile bacteria (O395FLAN). Several studies have established associations between motility, adhesion and virulence in V. cholerae, 31, 32 although the roles of motility and chemotaxis in pathogenesis have not been clearly established. The random non-motile mutants of V. cholerae showed increased expression of major virulence determinants 10 and elevated levels of toxT::lacZ expression has been reported in the nonmotile nqr mutant strain. 33 One of the ToxR-regulated genes (tcpI, encoding methyl-accepting chemotaxis proteins) has been suggested to be involved in virulence gene regulation. 34 Here, we have found that the genes cheY-2, cheY-3 or cheY-4 could partially regulate the motility of V. cholerae and this motility was restored, to some extent, upon complementation. Since motility is multifactorial, further work is needed to understand the role of motility in the process of adhesion. Our previous study reported that inactivation of cheY-4 in V. cholerae 569B is associated with less motility and adherence and virulence. 15 In this study, we have found that only two chemotactic genes (cheY-3 or cheY-4) are responsible for the early event of infection like adherence, regulation of motility and virulence in V. cholerae O395. The occurrence of multiple cheY genes is a general feature in enteric bacteria. The reason for the presence of such a multitude of chemotactic genes is unknown. The mutation of many of the che genes does not give a clear phenotype suggesting a complex chemosensory pathway.
Vibrio cholerae-infected intestinal epithelial cells, in addition to inducing an acute influx of PMNs, may play an important role in orchestrating the initiation of mucosal inflammatory and immune responses in which a number of different cell types might participate. Monocyte chemotactic protein-1 (MCP-1) variably can act as a chemo-attractant of monocytes/macrophages, eosinophils, and subpopulations of T-cells while TNF-a, IL-6, and IL-1 have been implicated in the defense of bacterial infections and promoting the bactericidal activity of leukocytes. Recently, we have shown that IL-1b and MCP-1 induction was down-regulated in Int407 cells following aflagellate, non-motile V. cholerae O395FLAN infection, 35 whereas IL-1a, IL-6 and GM-CSF levels was comparable to wild-type, suggesting that V. cholerae motility mediated by flagella or flagellar protein may not be the stimulating factor for induction of all pro-inflammatory cytokines in intestinal epithelial cells. Similarly, the chemoreceptor gene tlpB mutation in Helicobacter pylori showed a substantial decrease in inflammation in the gerbil stomach compared to that with the wild-type. 36 Since chemotaxis plays an important role in initial adherence of V. cholerae to the small intestine, analysis of the role of various cheY homologues in the ensuing cytokine response is essential. The present study demonstrated major reductions in cytokine secretion upon infection with the less motile and less adherent strains O395Y3N or O395Y4N in comparison with O395Y1N and O395Y2N.
Vibrio cholerae cells missing the cheY-3/cheY-4 genes show reduced adherence to intestinal epithelial cells which decreases initiation of pro-inflammatory responses, either by delivering less secretory proteins to host cells or by failure to transmit signals that induce the expression of bacterial genes involved in inducing inflammatory response. The role of adherence and or motility in cytokine expression has also been reported in other bacteria; 26, 27 thus, one possibility is that cheY-3/cheY-4 guide V. cholerae to contact epithelial cells. Put it another way, cheY-3/cheY-4 mutants do not populate the intestinal epithelial niche and, as a result, there are fewer bacteria to trigger inflammation.
The activation of the transcription factor NF-kB is an integral part of the signaling mechanism that triggers the host cytokines including TNF-a, IL-1a, IL-6, MCP-1 and IL-8 through interaction with other co-factors like cAMP response element binding protein (CREB) within the gene promoter regions 29 upon bacterial infection in epithelial cells 37 and are thought to be important in the generation of acute inflammatory responses. 38 It has previously been reported by our group that pro-inflammatory cytokine expression is mediated by NF-kB in intestinal epithelial cells upon V. cholerae infection. 19 In the present study, differential activation of NF-kB p65 and CREB by cheY-3 and cheY-4 homologues clarifies the role of NF-kB and CREB in the modulation of cytokine secretion in intestinal epithelial cells by the adherence and motility of V. cholerae. In addition, the inhibition of nuclear translocation of NF-kB p50 subunit in the intestinal epithelial cells upon infection with V. cholerae mutant O395Y3N or O395Y4N deficient in adherence and motility suggests a possible association of NF-kB-mediated activation of pro-inflammatory genes with both the adherence and motility of V. cholerae.
CONCLUSIONS
This study delineates the role of V. cholerae chemotaxis in infection and expands the possible roles for adherence and motility to include the induction of pro-inflammatory response. Thus, the study of multiple response regulators of the chemotaxis pathway may lead us to uncover different aspects of V. cholerae pathogenesis. Deciphering the host signal transduction mechanisms behind the attenuated pro-inflammatory response observed with less adherent, less motile mutants will no doubt give a better understanding of the reactivity arising out of the complex and dynamic interaction of V. cholerae with the host.
